The aim of this work was to establish the effect of environmental factors (moisture and temperature) on some mechanical, electrical and thermal properties of epoxy-based composites filled with carbon nanofillers: nanotubes (CNT), nanofibers (CNF) and hybrid nanofiller (nanotubes/nanofibers in the ratio 1:1) and to reveal the most environmentally stable NC. First, the nanocomposites (NC) containing different nanofiller contents were prepared to evaluate electrical percolation threshold and to choose NC at certain electrical conductivity for further characterization of the physical properties in initial state and during/after environmental ageing. The environmental ageing consisted of water absorption at 70 °C until equilibrium moisture content reached all samples in 4 weeks and 2) heating at 70 °C for the same time, and 3) freezing at -20 °C for 8 weeks. Two concurrent factors, temperature and moisture, led to post-curing of all materials studied without significant plastization. Some positive nanofiller effects were found for sorption, mechanical and thermophysical characteristics of RTM6 epoxy resin. Based on experimental results, the most environmentally stable NC was epoxy filled with 0.1 wt. % of CNT/CNF hybrid, which had the lowest effect of temperature and moisture on thermal and electrical conductivities, along with the lowest equilibrium water content and diffusivity.
INTRODUCTION
The interest of using carbon nanofillers arises due to unique combination of their mechanical, thermal and electrical properties, which may allow significant weight savings for the products in comparison with micro-filled composites and add multifunctionality to previously non-conductive polymer resins. However, usually such materials are mostly limited to indoor applications due to sensitivity of their physical properties to environmental factors, such as moisture and temperature [1] . The consideration of environmental effects and the reveal of the most environmentally stable electropassive nanocomposite (NC) can broaden their application to outdoor conditions. The aim of this work was to establish the effect of environmental factors (moisture and temperature) on the main mechanical, electrical and thermal properties of epoxy-based composites filled with carbon nanofillers: nanotubes, nanofibers and hybrid nanofiller (nanotubes/nanofibers in the ratio 1:1) for the use as electropassive damage-indicating material in structural outdoor applications and to reveal the most environmentally stable NC.
EXPERIMENTAL

Investigated Materials
A commercially available monocomponent RTM6 (Hexcel Composites) epoxy resin was used as a matrix material. Two different carbon nanofillers were chosen: 1) multiwall carbon nanotubes (CNT) Nanocyl 7000 (Nanocyl, Belgium), 2) carbon nanofibres (CNF) SA 719781 (Sigma-Aldrich, USA). Additionally, a hybrid nanofiller (HN) loading, consisting of both CNT and CNF in the ratio 1:1 by weight was prepared.
First, different nanofiller contents were chosen in order to evaluate electrical percolation threshold of the NC: 1) for RTM6 filled with CNT -0.01, 0.02, 0.03, 0.05 and 0.1 wt. %; 2) for RTM6 filled with CNF -0.1, 0. 
Methods
The dispersion of all nanofillers within the epoxy matrix was performed by high-shear disperser Ultra Turrax T25 combined with a heating plate RCT basic (IKA, Germany) for 30 min at 90 °C, 20 krpm. Then, the mixtures were degassed at 90 °C to remove the air bubbles and ultimately cured for 90 min at 160 °C with a subsequent post cure cycle for 2 h at 180 °C. The environmental ageing consisted of 1) water absorption at 70 °C until equilibrium moisture content was reached by all samples in 4 weeks, 2) heating at 70 °C for 4 weeks, and 3) freezing at -20 °C for 8 weeks.
The mechanical properties for epoxy and NC samples were tested under three-point bending mode according to ASTM D790. The samples of sizes 3×10×80 mm were tested with a support span of 56 mm and with a strain rate of 1.5 mm/min. The flexural modulus, strength and maximal deformation were evaluated from the stress-strain curves. The electrical resistance of the NC samples was measured by using a multimeter DMM 4020 (Tektronix, USA) following a two-point methodology. Opposite facets of the samples were covered with conductive silver paint to reduce contact resistance effect. The thermal conductivity was measured by using thermal constants analyzer TPS 500 (Hot Disc, Sweden) at a heating power 50 mW and heating time 40 s by using Kapton sensor with radius 3.2 mm. The dynamic mechanical thermal analysis (DMTA) was carried out by using a Mettler Toledo (USA) DMA/SDTA861 in tensile mode at a given force 4 N, frequency 10 Hz and T = 30-280 °C at 3 K/min heating rate to evaluate hygrothermal ageing effects in both initial and environmentally "aged" NC samples.
RESULTS
Water Absorption
The peculiarities of moisture absorption in epoxy resin and NC samples were studied. The overall behavior was similar for all materials (see Fig. 1a ) following classical Fick's law for 1D moisture diffusion (when thickness a of the specimen is significantly smaller than its width) 2 2
where w(t), 0 w and w are time-varying, initial and the equilibrium moisture contents of a specimen, and D is the diffusion coefficient of the material, respectively. The equilibrium moisture content is evaluated as maximally achieved moisture content over the sorption test, while the diffusion coefficient is calculated from the initial slope of the curve w vs. t [2] :
Moisture absorption kinetics of epoxy and epoxy filled with CNT and/or CNF as indicated in the legend (a). Dotsexperimental data, linesevaluation by Eq. (1). Representative stress-strain curves for the epoxy in uncondensed state (1) and after heating (2), water absorption (3), heating and freezing (4), water absorption and freezing (5) (b).
According to Fig. 1 the addition of stiff moisture impenetrable carbon nanofillers caused a slight reduction of equilibrium moisture content: 2.05% for epoxy resin, and 2.04%, 1.99%, and 1.81% for epoxy filled with 0.3 wt. % of CNF, 0.05 wt. % of CNT and 0.1 wt.% of HN, accordingly. The diffusivity of the NC was almost the same as for the neat epoxy resin: 1.58 ± 0.06 10 4 ×cm 2 /h for epoxy resin, 1.56 ± 0.06 10 4 ×cm 2 /h for epoxy filled 0.05 wt. % of CNT, 1.63 ± 0.08 10 4 ×cm 2 /h for epoxy filled with 0.3 wt. % of CNF and 1.56 ± 0.08 10 4 ×cm 2 /h for epoxy filled with 0.1 wt. % of CNT/CNF.
Flexural, Thermophysical and Electrical Properties
Flexural properties
The representative stress-strain curves for the epoxy are shown in Fig. 1b . For the NC the overall behavior of the curves was similar as for the epoxy. Thus, in uncondensed state, before environmental ageing, the flexural properties were almost the same for all materials studied: flexural modulus was 2.9±0.1 GPa, strength was 140±5 MPa, maximal deformation was 6.5±0.5%. According to Fig. 1b after the first stage of environmental ageing, which lasted 4 weeks and consisted of two parallel processes, heating at 70 °C (2) and water absorption at 70 °C (3), an increase in flexural modulus was observed for all materials studied. The flexural modulus of the epoxy and the NC was increased by app. 3.5-4.0% after the heating, and by 6.5-8.1% after the moisture absorption. Then, after the second stage of environmental ageing, freezing after water absorption (4) and freezing after heating (5) the flexural modulus was slightly reduced in comparison with the values after water absorption and heating: by 3-4% for epoxy, and by 1-3% for all NC. As seen from Fig.1b , due to environmental ageing (water absorption, heating and then freezing) the strength of epoxy was decreased by app. 7% (1-4) and by 5% (1-5), while the maximal deformation was reduced by app. 30-35% for the epoxy and by 20-25% for the NC both due to water absorption and heating.
Thermophysical properties
The thermal conductivity of the epoxy and the NC in uncondensed state was almost the same (0.23±0.02 J/mK). According to Fig. 2a the first stage of environmental ageing caused an increase of thermal conductivity for all materials: after heating (by 2.6-10.1%) and after water absorption (by 0.5-15%). The lowest effect +0.5% (1-3) and +2.6% (1-2) was observed for epoxy filled with 0.1% of HN. After freezing, the thermal conductivity of the epoxy and the NC was reduced by app. 2.5-5.5% and by app. 1.4-9.6% for dry and moistened materials, accordingly. The glass transition temperature for epoxy and epoxy filled with all carbon nanofillers obtained from DMTA was almost the same in initial state and after heating and water absorption (235 ± 3 °C) and can be attributed to several contrary (2), water absorption (3), heating and freezing (4), water absorption and freezing (5).
Electrical Properties
According to Fig. 2b the electrical conductivity in uncondensed state, of the epoxy filled with 0.05 wt. % of CNT was 0.070 ± 0.008 S/m, for the epoxy filled with 0.3 wt. % of CNF -0.007 ± 0.003 S/m, and for the epoxy filled with 0.1 wt. % of HN -0.062 ± 0.006 S/m. Both temperature and moisture affected the electrical conductivity for all NC samples. In 4 weeks of heating and water absorption it decreased by 16% (2) and 19% (3) for CNT-filled, by 9% (2) and 19% (3) for CNF-filled, and by 8% (2) and 18% (3) for HN-filled epoxy resin, accordingly. In 8 weeks of freezing the electrical conductivity was reduced by 15.5% (1-4) and 33.3% (1-5) for CNT-filled, by 30.2% (1-4) and 49.8% (1-5) for CNF-filled, and by 4.9% (1-4) and 8.8% (1-5) for HN-filled epoxy, accordingly. Thus, the HN showed the highest stability of the electrical conductivity to the environmental ageing.
CONCLUSIONS
Two concurrent factors, temperature and moisture, led to post-curing of all materials studied without significant plastization. The addition of carbon nanofillers has resulted in slight positive effect for sorption, mechanical and thermophysical characteristics of the epoxy resin. Based on experimental results the most environmentally stable NC was epoxy filled with 0.1 wt. % of HN, which had the lowest effect of temperature and moisture on flexural modulus and strength, thermal and electrical conductivities, along with the lowest equilibrium water content and diffusivity.
